The signal recognition particle (SRP) of eukaryotic cells is a cytoplasmic ribonucleoprotein machine that arrests the translational elongation of nascent secretory and membrane proteins and facilitates their transport into the endoplasmic reticulum. The spatial pathway of SRP RNA processing and ribonucleoprotein assembly in the cell is not known. In the present investigation, microinjection of f luorescently tagged SRP RNA into the nucleus of mammalian cells was used to examine its intranuclear sites of localization. Microinjection of SRP RNA into the nuclei of normal rat kidney (NRK) epithelial cells maintained at 37°C on the microscope stage resulted in a very rapid initial localization in nucleoli, followed by a progressive decline of nucleolar signal and an increase of f luorescence at discrete sites in the cytoplasm. Nuclear microinjection of a molecule corresponding to a major portion of the Alu domain of SRP RNA revealed a pattern of rapid nucleolar localization followed by cytoplasmic appearance of signal that was similar to the results obtained with full-length SRP RNA. In contrast, a molecule corresponding to the S domain of SRP RNA did not display nucleolar localization to the extent observed with full-length SRP RNA. An SRP RNA molecule lacking helix 6 of the S domain displayed normal nucleolar localization, whereas one lacking helix 8 of the S domain did not. These results, obtained by direct, real-time observation of f luorescent RNA molecules inside the nucleus of living mammalian cells, suggest that the processing of SRP RNA or its ribonucleoprotein assembly into the SRP involves a nucleolar phase.
The signal recognition particle (SRP) is a ribonucleoprotein machine that delivers certain nascent polypeptides to specific recognition components on the cytoplasmic face of the endoplasmic reticulum membrane for translocation of secretory or membrane proteins (1, 2) . The RNA component of the SRP contains two elements related to the human and rodent Alu families of interspersed repetitive DNA sequences connected by a unique sequence, the S domain (3) (4) (5) . SRP RNA (Fig. 1 ) has an overall secondary structure that has been highly conserved during evolution of the Bacteria, Archaea, and Eukarya (6) (7) (8) (9) . SRP RNA associates with six proteins termed, in mammalian cells, SRP72, SRP68, SRP54, SRP19, SRP14, and SRP9 (10) . The regions of SRP RNA bound by protein originally were identified by mild micrococcal nuclease digestion, which results in cleavage of the SRP into two subparticles containing the Alu and S domains, respectively (11) . The Alu domain, which consists of approximately 100 nucleotides at the 5Ј end of SRP RNA base-paired with approximately 50 nucleotides at the 3Ј end, together with its associated proteins SRP9 and SRP14, comprises the translational arrest activity of SRP (12) . The S domain consists of approximately 150 nucleotides of core SRP RNA sequence situated between the two Alu sequences and is bound by the remaining four proteins SRP19, SRP54, SRP68, and SRP72 (2) . It is within the S domain of SRP that nascent polypeptide signal sequence recognition mediated by SRP54 and the protein translocation activity mediated by SRP68 and SRP72 reside (13) (14) (15) (16) (17) .
Purified SRP can be disassembled into its constituents (SRP RNA, SRP19, SRP54, and the two heterodimeric protein complexes SRP9͞14 and SRP68͞72) and subsequently reassembled from these purified components into a functional particle (18) . Subsequent studies using SRP proteins expressed in vitro from their cloned cDNAs have demonstrated a stepwise pathway of SRP assembly. Previous association of SRP19 with SRP RNA is required for SRP54 assembly (18) , possibly directed by an SRP19-induced conformational change in SRP RNA (19) (20) (21) (22) (23) (24) . The SRP9 and SRP14 proteins first associate with each other in the absence of SRP RNA, forming an SRP9͞14 heterodimer, which then assembles onto SRP RNA (25) (26) (27) . Although SRP68 and SRP72 are disassembled from purified SRP as a heterodimer (18) , SRP68 and SRP72 associate inefficiently with each other in the absence of SRP RNA (28) , suggesting that previous formation of the SRP68͞72 heterodimer does not occur. Instead SRP68, which by itself binds SRP RNA weakly, appears to serve as an adapter for the assembly of SRP72, which does not bind SRP RNA in the absence of SRP68 (28) .
Although these in vitro studies have revealed considerable insight into the RNA-protein and protein-protein interactions involved in SRP assembly, the intracellular site or sites of SRP biosynthesis are not known. A previous investigation demonstrated that at least partial assembly of the SRP occurs in the nucleus in Xenopus oocytes and implicated the Alu domain of SRP RNA in nuclear export (29) . SRP RNA (previously termed 7SL RNA) is an RNA polymerase III transcript bearing a triphosphate 5Ј end (3). Although recovered primarily in cytoplasmic fractions, some SRP RNA also has been observed in nuclear fractions from mammalian cells (30, 31) , and a portion of the nuclear SRP RNA was noted to fractionate with purified nucleoli (31) .
In the present investigation we have investigated the intranuclear localization of SRP RNA in mammalian cells by nuclear microinjection of fluorescent RNA. This method affords direct, real-time observation of the movements of wild-type and mutant RNAs in living cells (32) (33) (34) (35) (36) (37) . Our results demonstrate that fluorescent SRP RNA microinjected into the nucleus of mammalian cells rapidly localizes in the nucleolus. In addition, the use of mutant SRP RNAs has revealed that the Alu domain and helix 8 of SRP RNA are required for nucleolar localization. (38) . All RNAs were transcribed in the presence of 5-(3-aminoallyl)-UTP (35, 36) using T7 RNA polymerase. The aminoallyl-U substituted RNA was recovered by ethanol precipitation, coupled to tetramethylrhodamine-6-isothiocyanate, purified, and microinjected into the nucleus of normal rat kidney (NRK) cells as previously described (32) (33) (34) (35) (36) .
MATERIALS AND METHODS
Cell Culture and RNA Microinjection. NRK epithelial cells were cultured in F-12K medium (JRH Biosciences, Lenexa, KS) containing 10% fetal bovine serum, 50 g͞ml of streptomycin, and 50 g͞ml of penicillin. Cells were plated on glass coverslips 36-48 hr before the subsequent period of observation (35) . Nuclear microinjections were performed as previously described (32, 33, 35) .
RESULTS AND DISCUSSION
To investigate the intranuclear localization of SRP RNA in a dynamic context in living cells, we used the method of fluorescent RNA cytochemistry developed in our laboratory (32) (33) (34) (35) (36) (37) . As shown in Fig. 2 , fluorescent SRP RNA microinjected into the nucleus of NRK cells became rapidly localized in nucleoli. Although the earliest timepoints after nuclear microinjection shown in Fig. 2 are 3 and 6 min (A and E, respectively), in other experiments extensive nucleolar localization of SRP RNA was observed within 30 sec after nucleus microinjection (data not shown). Twenty to 30 min after nuclear microinjection of SRP RNA the nucleolar fluorescence decreased and signal appeared in the cytoplasm ( Fig. 2 B and F), localized in foci, which became even more prominent Ϸ60 min after nucleus microinjection (Fig. 2 C and G) . We have not further characterized the cytoplasmic localization of fluorescent SRP RNA, but the results shown in Fig. 2 conform to the expected nucleus-to-cytoplasm pathway of SRP RNA.
No nucleolar localization was observed after nuclear microinjection of a fluorescent pre-tRNA (Fig. 3) . Moreover, there was no nucleolar localization of U6 small nuclear RNA or of intron-containing or intron-lacking pre-mRNAs in our previous studies (32, 34) . Thus, the observed nucleolar localization of fluorescent SRP RNA is specific.
A major advantage of fluorescent RNA microinjection in the study of intracellular RNA dynamics is that it affords the analysis of sequence elements required or dispensable for proper traffic and localization (32) (33) (34) (35) 37) . We therefore used mutants of SRP RNA to investigate sequences important for nucleolar localization. As noted above, the SRP is a rather extreme case of a bipartite ribonucleoprotein particle in that its protein components are clustered in two relatively confined domains of the RNA's overall folded structure with a less or noncovered region of RNA in between (Fig. 1) . This was first suggested by mild micrococcal nuclease digestion experiments that cleaved the SRP into two subparticles without apparent loss of protein (11) and subsequently has been confirmed by studies of RNA chemical modification in the SRP (39) and refined reassembly experiments (2). We therefore decided to first use SRP mutants that represent one or the other of the two known ribonucleoprotein domains of the SRP (Fig. 4) .
When a mutant SRP RNA corresponding to a portion of the Alu domain (⌬L21 in Fig. 4 ) was microinjected into the nucleus of NRK cells it became localized in nucleoli within 1-3 min (Fig. 5 B and C) , which is temporally and spatially similar to the results obtained with wild-type SRP RNA (Fig. 2) . At later times after microinjection (16 min, Fig. 5D ) the Alu domain RNA displayed a reduced nucleolar level and appeared in the cytoplasm in a patched pattern, again similar to the results obtained with wild-type SRP RNA (Fig. 2) . Different results were observed when an RNA corresponding to the S domain of SRP RNA (⌬35 in Fig. 4 ) was microinjected into the nucleus. In some cases, as illustrated in the example shown in Fig. 6 A-D, there was no evidence of nucleolar localization whatsoever. In other instances, as in the example shown in Fig. 6 E-I , there was only a very brief (30 sec) initial nucleolar localization that disappeared by 3 min (Fig.  6F ). The basis of this variation from one cell to another in these experiments with the S domain mutant is not presently understood, and both types of results are shown in Fig. 6 to accurately convey the findings. The main point, however, is that in no case did the S domain mutant display as pronounced a nucleolar localization as either the wild-type SRP RNA (Fig.  2) or the Alu domain mutant (Fig. 5) .
The results obtained for ⌬35 (Fig. 6 ) reflect the nucleolar localization of the S domain itself, in the absence of the Alu domain. We therefore went on and investigated the importance of S domain elements in the context of otherwise intact (i.e., Alu domain-containing) SRP RNA. Accordingly, we used SRP RNA mutants lacking only helix 6 or helix 8 in the S domain (⌬H6 and ⌬H8 in Fig. 4) . When microinjected into the nucleus, SRP RNA lacking helix 6 of the S domain displayed a pattern very similar to that observed for wild-type SRP RNA and the Alu domain RNA: it became localized in nucleoli within 30 sec and remained in the nucleoli for at least another 2.5 min (Fig. 7 A and C) . At subsequent times, the nucleolar signal decreased but, unlike the results obtained for wild-type SRP RNA and the Alu domain RNA, there was no evidence of cytoplasmic appearance of the helix 6-lacking SRP RNA (Fig. 7 D-F) . In contrast, when an SRP RNA lacking helix 8 of the S domain was microinjected into the nucleus, it displayed little initial nucleolar localization altogether (Fig. 8 A and C) and displayed no appearance in the cytoplasm. The fact that the S domain mutant, ⌬35, displayed very weak, if any, nucleolar localization (Fig. 6 ) whereas helix 6-lacking mutant (containing the Alu domain) localized in nucleoli to the same extent as wild-type SRP RNA suggests that the Alu domain is the major nucleolar localization factor. According to this interpretation, when the Alu domain is absent, the S domain is incapable of nucleolar localization. When the Alu domain is present as a dominant nucleolar localization signal, an additional requirement of helix 8 in the S domain becomes apparent as a secondary factor. (Fig.  2) or the Alu domain mutant (Fig. 4) , which show nucleolar localization for at least 1-3 min after nuclear microinjection, the S domain mutant displays no nucleolar localization at 1 min (A). The pattern is a punctate nucleoplasmic distribution. We have attempted to detect nuclear sites of endogenous SRP RNA by in situ hybridization but our results so far have not been consistent (M.R.J., J. C. Politz, S. Kilroy, and T.P., unpublished results). SRP RNA has a secondary structure in which there are no single-stranded regions longer than eight nucleotides (loop of helix 4 in Fig. 1 ). SRP RNA therefore may be a relatively intractable in situ hybridization target. Other investigators have commented on the failure of immobilized complementary oligonucleotides to select SRP RNA from mammalian cell extracts (40) , consistent with the notion that the secondary structure and ribonucleoprotein structure of SRP RNA constitutes an unreactive entity for complementary oligonucleotides. The fact that we have detected reproducible, sequence-specific SRP RNA in situ hybridization signals in the cytoplasm of NRK (and other mammalian) cells is consistent with the possibility that nucleolar SRP RNA has a particularly protected ribonucleoprotein conformation or deeply buried nucleolar location. Finally, if the nucleolus is indeed a site of SRP RNA processing or SRP assembly, it would be anticipated that the steady-state nucleolar content of SRP RNA would be very low relative to the cytoplasmic level, perhaps below the detection limit of in situ hybridization. It is noteworthy that SRP RNA previously was detected in RNA extracted from highly purified rat hepatoma cell nucleoli (31) . More recently, a percentage of SRP RNA has been observed to cofractionate with HeLa cell nucleoli (James Mitchell and Kathleen Collins, University of California, Berkeley, personal communication).
The analysis of the regions of SRP RNA important for nucleolar localization presented here obviously constitutes only an initial undertaking, and we have not dissected the molecule in detail. The Alu domain and helix 8 of SRP RNA implicated in nucleolar localization in this investigation do not display any obvious sequence homology to other small nucleolar RNAs such as U3 or U8 (41, 42) , nor to identified nucleolar localization elements in small nucleolar RNAs such as RNase mitochondrial RNA processing RNA (33), RNase P RNA (34), or intron-derived small nucleolar RNAs (43, 44) . Thus, it appears that there are multiple RNA sequence zip codes for nucleolar localization. Like other previously described RNA localization signals, the nucleolar address elements in SRP RNA may operate either as RNA sequences per se or as distinctive ribonucleoprotein signatures assembled on specific RNA domains.
The fact that the nucleolar association of SRP RNA observed in this investigation is short-lived is not compatible with a nonspecific binding phenomenon. The introduced SRP RNA has an initial affinity for the nucleolus, possibly as the result of previous events in the nucleoplasm, but then apparently is released from the nucleolar structure. The fact that the Alu domain and helix 6-lacking SRP RNA mutants also display this transient rather than a permanent nucleolar localization adds weight to the notion that this observed nucleolar associationdissociation phenomenon is a reflection of a normal nucleolar transit of SRP RNA. It is to be noted that microinjection of other fluorescent small nucleolar RNAs into the nucleus of mammalian cells leads to a more long-lived nucleolar local- (Fig. 2) and the Alu domain mutant (Fig. 5) . The rapidity with which SRP RNA (and the nucleoluslocalizing SRP RNA mutants) reach the nucleolus from their nucleoplasmic sites of microinjection is striking, occurring extensively within only a minute at 37°C in these living cell experiments. We do not know if this rapid nucleolar localization reflects a mediated transport process or simple diffusion, nor is the necessary information about the intranuclear physical chemical milieu available to make this distinction. In a recent investigation we found that oligodeoxynucleotides (smaller than the SRP RNA studied here) move within the nucleus of living mammalian cells with mean translational diffusion times similar to those measured in aqueous solution (45) . This finding suggests that, despite an apparently crowded intranuclear environment (46) , there is free volume inside the nucleus in which molecular motion is driven solely by thermal forces, i.e., diffusion.
SRP RNA is relatively unique among eukaryotic RNAs in having no modified nucleotides in those organisms in which this has been examined (47) . As an RNA polymerase III transcript (48) , the processing of SRP RNA likely consists simply of the removal of one or few 3Ј-terminal uridylate residues encoded by the CTT(T) pol III terminator, as well as the recently discovered posttranscriptional addition of uridylate or adenylate nucleotides or formation of a 2Ј,3Ј-cyclic phosphate on the 3Ј-terminal U residue of SRP RNA (49, 50) . The results of the present investigation raise the possibility that these SRP RNA 3Ј events may occur in the nucleolus. The observed nucleolar localization of microinjected SRP RNA also may reflect the possibility that its partial or complete assembly into the SRP ribonucleoprotein particle is obligatorily linked to the nucleolus in some way. The nucleolar affinity of SRP RNA may be related to a transient ribonucleoprotein assembly stage or conformation that subsequently is modified, by further assembly, into a particle having an attenuated nucleolar affinity, thereby prompting its release and export to the cytoplasm. In this connection it is of interest to note that switches in the conformation of SRP RNA have been described as a function of the binding of specific SRP proteins (23, 24, 39, 51) . Our results raise the possibility that SRP RNA (as partially or completely assembled SRP) may be exported from the nucleus in association with one of the ribosomal subunits. This possibility is compatible with the fact that the functional cycle of the signal recognition particle in the cytoplasm involves its interaction not only with the N terminus of nascent polypeptides but also with the ribosome itself (2, 52) . Finally, the finding that SRP RNA associates with the nucleolus may have evolutionary implications. A large number of recent findings, in addition to the present ones, suggest that the nucleolus may be plurifunctional, facilitating numerous aspects of RNA processing, ribonucleoprotein assembly, and nuclear export in addition to its well-defined role in ribosome synthesis (53) .
